A comparative study of the filled skutterudite compounds YbFe 4 Sb 12 and CaFe 4 Sb 12 is presented. Crystal structure investigations and measurements of magnetic susceptibility, specific heat and electrical resistivity in magnetic field, and x-ray absorption spectroscopy have been performed. Almost identical structural, magnetic, and electronic properties of both compounds are observed. Electronic structure calculations support this similarity. It is concluded that ytterbium in Yb 1−x Fe 4 Sb 12 is stable divalent and the magnetic moments in both materials are solely due to itinerant-electron paramagnetism of the Fe-Sb polyanion. The calcium and ytterbium iron-antimony skutterudites are nearly ferromagnetic metals and their properties are mainly governed by spin fluctuations. DOI: 10.1103/PhysRevB.72.020402 PACS number͑s͒: 75.50.Bb, 75.40.Cx, 75.20.Hr Compounds with the filled skutterudite structure are currently under intense investigation due to their wide spectrum of low-temperature ground-state behaviors. While these materials derive from binaries with the general formula TX 3 ͑T = Co, Rh, Ir, X =P,As,Sb͒ the compounds with T = Fe, Ru, Os need to be stabilized by a third electropositive element. This leads to filled skutterudites R y T 4 X 12 .
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1 R can be chosen among alkaline-earth, rare-earth, actinide metal, or thallium. 2 For monovalent Na and K in a Fe-Sb host we recently found itinerant ferromagnetism with small ordered magnetic moments ͑ r Ϸ 0.28 B / Fe atom͒ and T C Ϸ 85 K. Below T C NaFe 4 Sb 12 and KFe 4 Sb 12 have a quasi-half-metallic band structure. 3, 4 For T Ͼ T C they display Curie-Weiss-like paramagnetism due to fluctuations of itinerant moments 5 with eff / Fe atom= 1.6 B and ⌰ Ϸ T C . The isostructural compounds with divalent cations Ca and Ba show no transitions for T Ͼ 2 K. 4 According to fixed spin moment calculations they should also have a ferromagnetic ground state, however, the same strong spin fluctuations as in the Na and K compounds seem to prevent the order. 3, 4 This results in nearly ferromagnetic metals with eff / Fe atomϷ 1.5 B and reduced but still positive ⌰ ͑giving the fluctuation energy 5 ͒: ⌰ = + 50 K ͑CaFe 4 Sb 12 ͒, 4 ⌰ = + 15 K ͑BaFe 4 Sb 12 ͒. 4 Rare-earth cations ͑R͒ fitting in the Fe-Sb host's icosahedral void are R = La-Eu, and Yb. Some carry a localized magnetic moment rendering the analysis of magnetization intricate, however, LaFe 4 Sb 12 is paramagnetic down to 0.4 K and displays Curie-Weiss behavior with negative ⌰ Ϸ −42 K and reduced eff = 1.13 B .
6 Ytterbium is well known for its valence instability, resulting either in the stable valence states 4f 13 Single crystals of Yb 1−x Fe 4 Sb 12 were prepared under argon by recrystallization of a stoichiometric master alloy in a flux of antimony in a glassy carbon crucible. Under argon gas the crucible had been welded in a tantalum container which was then sealed into an evacuated quartz ampoule. The ampoule was heated to 900°C, slowly cooled to 650°C within 24 h, and annealed for 7 d. Excess Sb was removed by sublimation in vacuum at 600°C. Strongly intergrown cubic crystals with edges up to 1.5 mm length could be isolated. The synthesis and characterization of CaFe 4 Sb 12 was already described. 4 The powder was compacted by spark plasma sintering.
All samples were washed in HCl in order to remove secondary phases, especially elemental iron. The residual content of free Fe detected from the field dependence of magnetization at 400 K is Ϸ10 g / g for both compounds. Magnetization was measured in an MPMS magnetometer in high fields in order to suppress the signal of residual Fe. Magnetization data up to 14 T and heat capacity were obtained in a PPMS. Yb L III XANES were taken in transmission geometry at the EXAFS II beamline E4 of HASYLAB at DESY ͑experimental resolution Ϸ2 eV at 8944 eV͒. The sample was measured simultaneously with Yb 2 O 3 as an external Yb 3+ reference compound. To compare the electronic structure of CaFe 4 Sb 12 and YbFe 4 Sb 12 , band-structure calculations using the fullpotential nonorthogonal local-orbital ͑FPLO͒ calculational scheme 13 within the local density approximation ͑LDA͒ have been carried out. As basis set, Ca͑3s ,3p ,4s ,4p ,3d͒, Yb͑4f ,5s ,5p ,6s ,6p ,5d͒, Fe͑3s ,3p ,4s ,4p ,4d͒, and Sb͑4s ,4p ,4d ,5s ,5p ,5d͒ states were employed. The strongly correlated Yb 4f states were treated using an additional Coulomb repulsion U within the LDA+ U scheme. Further details are given in Ref. 4 12 Only below 100 K has the Yb compound a slightly larger paramagnetism than the Ca compound. The shoulder in M / H around 50 K Ϸ ⌰ is present in both compounds and for both fields ͑Fig. 1͒. With decreasing temperature M / H again increases and then saturates for T Ͻ 5 K and H = 7 T. This characteristic behavior persists in fields up to 14 T. For fields H ഛ 0.1 T strong upturns of M / H are observed for T ഛ 20 K. 4 A similar temperature and field dependence of M / H was observed for BaFe 4 Sb 12 ͓ eff / Fe atom = 1.57 B , ⌰ = + 15.0͑9͒ K͔ where only ⌰ is significantly smaller. 4 These features are due to incipient ferromagnetism and the concommitant strong spin fluctuations in these ͓Fe 4 Sb 12 ͔ skutterudites with divalent cations. 3, 4 The specific heat of Yb 1−x Fe 4 Sb 12 is plotted along with that of CaFe 4 Sb 12 in Fig. 2 for T Ͻ 14 K. c p ͑T͒ of both compounds is well described by the sum of a large electronic term ␥T and phonon terms.
14 In order to account for the thermal exitations of the loosely bonded cation an Einstein term ͑characteristic temperature ⌰ E ͒ for the 1 − x atoms on this site needs to be combined with a Debye model ͑Debye temperature ⌰ D ͒ for the 16 Electrical resistivity ͓͑T͔͒ and magnetoresistivity ratio ͑MR͒ data are given in Fig. 4 . A large positive MR of 30% and 20%, respectively, in H = 9 T is observed for T Ͻ 40 K, as in Refs. 9 and 10. Its origin is probably classical with the large magnitude due to the low carrier concentrations, especially at low T. 16 Between 35 K and 125 K the MR is negative for the Yb 1−x Fe 4 Sb 12 crystal. The MR of CaFe 4 Sb 12 shows only a minimum at these temperatures but remains positive up to 320 K, similar to Na and K filled skutterudites. 16 The negative MR contribution at T Ϸ ⌰ correlates with the local maximum in ͑T͒ and is probably a signature of spin fluctuations. 5 An analysis of transport data is hampered by sample dependence: While our Yb 1−x Fe 4 Sb 12 crystal has ͑300 K͒Ϸ315 ⍀ cm, in Ref. 10 for YbFe 4 Sb 12 a value Ͼ 3 m⍀ cm is found. The common feature, however, is the broad shoulder in ͑T͒ at 60-80 K which is an indication for narrow-band scattering near the Fermi level. The overall resistivity and MR features of both compounds are similar, indicating similarly structured Fermi surfaces.
The electronic structure for YbFe 4 Sb 12 was calculated for different representative values of U. First, the value 8 eV was adopted from the energy shift of the XANES peak of the skutterudite with respect to Yb 2 O 3 , and then alternatively, U = 4, 6, and 10 eV. Except for the 4f electrons, the resulting 14 . The origin of the enhanced paramagnetism and electronic specific heat at low temperatures is the magnetism of the host anion ͓Fe 4 Sb 12 ͔ to which a charge −͑2−2x͒ is transferred from the cation. This itinerant electron paramagnetism 5 of CaFe 4 Sb 12 and Yb 1−x Fe 4 Sb 12 is characterized by a positive Weiss temperature ⌰ Ϸ 50 K without long-range ferromagnetic order. As concluded from electronic structure calculations, these skutterudites with divalent fillers are nearly ferromagnetic. Characteristic anomalies in the magnetization at T Ϸ ⌰ and a negative magnetoresistance contribution are signatures of strong spin fluctuations. The large Wilson ratio ͑Ϸ24͒ demonstrates that they are close to the ferromagnetic instability ͑QCP͒. Thus, the scenario of the hybridization gap model appropriate for localized 4f Yb moments 11 is unlikely, especially in view of the nearly identical behavior of CaFe 4 Sb 12 . However, the presence of a narrow feature near E F is indicated by the shoulder in ͑T͒ of both compounds, consequently, narrow or renormalized d bands may be the cause for this behavior.
